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Resolution limits for infrared microspectroscopy explored
with synchrotron radiation
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The spatial resolution for infrared microspectroscopy is investigated to determine the practical limits
imposed by diffraction or optical aberrations. Quantitative results are obtained using high brightness
synchrotron radiation, which serves as a diffraction-limited infrared “point source” for the
microscope. The measured resolving power is in good agreement with diffraction theory, including
a ~ 30% improvement for a confocal optical arrangement. The diffraction calculation also shows
how the confocal setup leads to better image contrast. The full width at half maximum of the
instrument’s resolution pattern is approximately?2 for this arrangement. One achieves this
diffraction limit when the instrument’s apertures define a region having dimensions equal to the
wavelength of interest. While commercial microspectrometers are well corrected for optical
aberrations(allowing diffraction-limited results the standard substrates used for supporting
specimens introduce chromatic aberrations. An analysis of this aberration is also presented, and
correction method described © 2001 American Institute of Physics

I. INTRODUCTION aperture size, but instead is determined by the optical sys-
_ _ o tem’s numerical aperture and the wavelength of light.
Infrared microspectroscopy traces its origins to around  \while the microscope’s optical system performs at or

1950 when microscopes using Schwarzschild-type reflecting|ose 1o the diffraction limit for the spectral range of interest,
objectives were interfaced to infrared monochromatdite 1y occasion the specimen to be studied introduces aberra-
technique Iangmshed due fo the poor efficiencies 9f Speg'ions that limit the available spatial resolution. A common
trometers until the 1980s when Fourier transform infrare

(FTIR) spectrometers became commercially available.sample preparation method involves placing thin sections

Present day FTIR spectrometers and microscopes are weq_PtO IR trangparent_substrates. However, the_z substrate mate-
matched and deliver high performance. Still, signal-to-noisd@!S aré typically dispersive and therefore introduce chro-
requirementse.g., for identifying small chemical changes matic aberration. The resulting focus shifts can be compa-
often limit the smallest practical spotsize+®0 um. This is rable to, or larger than, the region under investigation. This
a consequence of the low brightness of the thermal infraretgads to a reduction in spatial resolution, signal throughput,
source(a~1200 K blackbody radiatgrather than diffraction  or both.
or aberrations in the optical system. In this article an analysis of a typical infrared micro-
High brightness infrared sources do existg., lasers  scope optical system is presented and practical issues for
but of these only the synchrotroprovides a “white” source  achieving diffraction-limited performance are addressed. The
spanning the entire infrared and is compatible with efficientfirst part deals with experimental results and calculations for
FTIR techniques. While early attempts to exploit this as anhe instrument's spatial resolutidfie., the sensitivity pat-
infrared source were unsuccessful due to poor beam stabilityem)_ Agreement between the two is good and a confocal

the present generation of synchrotron light sources haVSpticaI system is found to reduginprove the width of the

overcome this problem to a large extent and productive Nz strument's sensitivity pattern by about 30% over the

frared research programs now exist at a number of facilities. . .
single-aperture case. Of perhaps greater importance, the con-

“ports,” several of which deliver infrared to )
microspectrometersThe high brightness of this sour@evo would degrade spatial contrast. The dependence of the sen-
to three orders of magnitude greater than conventional theitivity pattern width on aperture dimension is discussed in
mal sourcesallows one to set the instrument’s apertures toSec. Il. It is found that an aperture size equal to the wave-
define geometrical areas comparable to, or smaller than, tHength of light achieves the diffraction limit. Last, the focus
diffraction limit (a few microns in the midinfrargcand still  shift associated with dispersive substrates is calculated for a
attain good signal to noiseS/N).*~® For this situation, the number of substrate materials. Focus shifts of up to 260
spatial resolution is no longer controlled by the geometricabccur when using 2 mm thick BaFat wavelengths of 10
pm. The results of experiment and calculation are again in
3Electronic mail: carr@bnl.gov good agreement.
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Upper focusing mirror is substantially brighteftwo to three orders of magnituge
and provides good S/N even when the microscope’s aper-
tures are set at, or beyond, the diffraction limit. In this situ-
el Upper aperture ation, the wavelength and the system’s numerical aperture
determine the spatial sensitivity. The measurements de-
scribed here were performed with the instrument installed at

""""""""""" ; Schwarzschild the U10B infrared beamlifeof the NSLS.
: objective
Sample stage B. Spatial resolution and diffraction
_____ Interferometer Schwarzschild A microscope achieves spatial resolution by constraining
condenser the illuminated region, the region being detected (more

generally a combination of both. For example, a standard
optical microscope illuminates a large sample region and
=== Lower aperture resolution is achieved by the “detection system,” in this
case the objective optics and receptors in the eye. A micro-
scope using a focal-plane detector is a similar case in which

Lower focusing mirror resolution is attained from the individual pixels of the optical

detection system. One can also use a single element detector

FIG. 1. Schematic diagram of the infrared microspectromeeBpectra- and restrict the field of view at the sample location by an
Techlr us™) used for this study. The optical path for transmisgisimown aperture placed at an intermediate focal p(ﬁh’lfie|d StO[).

in the diagrambegins at the FTIR interferometer and continues through the. . . . . . .
' lagram begi : n ud Ehe spatial resolution is determined by the detection sensi-

upper aperture, the first Schwarzschild objective, the sample/specimen, the' . ) .
Second Schwarzschild objectiveften refered to as a condensehe lower  tivity patternD(r), defined as the fraction of light from each
aperture, and finally to the detector. For a reflection measurement, the lighpoint r of the specimen that reaches the detector. Alterna-
ref_lect_ed by the sample returns backvyard througrl t_he f|rs:’t Sghwa_rzschﬂﬂveW’ one can restrict the illumination regidagain using
objective and upper aperture, after which a small “pick-off” mirror inter- . . .
cepts a portion of the light and sends it on to the detector. an aperture that serves as a l-‘leld $tup_aCh'eve spatial
resolution. Here the resolution is determined by the pattern
of illumination I (r) defined as the fraction of light intensity
Il. EXPERIMENT AND ANALYSIS illuminating each point on the specimen. A confocal micro-
A. Instrumentation scope has apertures for both the illumination and detection
systems, constraining both patterfisand D). To sense a
particular portion of a specimen, the microscope must illu-
minate it and then detect that light. Thus for linear spectros-

Detector

The spectral range commonly employed for analytical
infrared microscopy is from 4000\2.5um) down to

=1/
650 cm (A =16,.m). The wavelengths are therefore 5-10 ., 1he spatial sensitivity “pattern” of the instrumes(r)

times greater than for visible light, and microscope opticalis determined by the produt{r)xD(r). An image of the
designs can be readily fabricated to achieve the diffractiorgpecimen can be “bui ” o

limit. The particular microspectrometer used for this study isthe instrument's illumination and detection pattern. Such an

7 .
a Spectra-Teclr us.” It has a confocal optical system based image is the convolution of this sensitivity pattern with the

on two Schwarzschild objectives, each having a numerical o specimen image. Thus the prodet| x D determines
aperture(NA) of about 0.65. The specimen to be studied isthe spatial resolution.

placed at their common focus. Spatial resolution is achieved When aberrations are negligible and the microscope ap-
by field stops(apertures located at one or both conjugate qr¢s) is set to define a geometric region smaller than the

focal points of the objectives. One aperture controls the reg,,ejength, diffraction dominates the sensitivity pattern and
gion being illuminated while the other defines the regiong,sequently the spatial resolution of the instrument. Further
being sensed by the IR detector. A schematic of this INStUze q,ction of the apertures offers no resolution improvement.
ment S opt|c_al system' IS Sh‘?W“,'“ Fig. _1' If the illumination and detection objectives behave as simple
This microscope’s objectives differ from a true jonqeq with the same NA, thefr) andD(r) would each be

Schwarzschild type in that both conjugates are finite, an(éjes:cribed by the same Airy function. Note that the product of
therefore do not fully correct for typical aberratiofs.g., two identical Airy functions is narrower than the individual

spherllcal or:)e Howe]\c/er,?optlhcal ans;:ySIS huslng ZEM':]‘_XTM functions by about 30%. In addition, the contributions of the
optical ‘analysis software shows that they do achieve o ang higher-order diffraction maximéaelative to the
diffraction-limited performance across the midinfrared, andCentral zero-order maximare significantly reduced. This
image quality at visible wavelengths implies a resolution OfiIIustrates how a confocal microscope achieves higher spatial

better than Jum on axis. Since the objectives are all reflect-o5,tion when diffraction-limited conditions exist.
ing, chromatic aberrations are not present.

Although the optical system is capable of diffraction- C. Measurements
limited performance, the standard source for mid-IR spec-"
troscopy(a 1200 K thermal sourgds not typically bright The instrument’s lateral sensitivity was determined by
enough to provide the necessary S/N when the diffractiorscanning across a lithographically produced photoresist step
limit is reached. Infrared produced as synchrotron radiatioredge and measuring the apparent sharpness at various wave-



Rev. Sci. Instrum., Vol. 72, No. 3, March 2001 IR microspectroscopy 3

Wavelength [pm]
3 4
'g 10+
02} g
s I
8 ! 5
% w
B 8 osf
@ 011 | §
' 3 N
e -
_A.
A A’AA <>_<>.<>~g°o/
0.0 . | i 0.0 a‘ﬁ'e‘piglg'o'O‘.o‘ o ) ' i
4000 3000 2000 1000 -10 -5 0 5 10

1 Distance from edge [um]
Frequency [cm']
FIG. 3. Absorbance profiles at three different wavelengths acquiregeat 1
FIG. 2. Absorbance spectrum for the photoresist material used for resolutiomtervals across a photoresist step edge. Inset: Deconvolution of the profile
studies. The six absorption features used for the profile analysis are markédr A =6 um, revealing the illumination patterir{x).
with arrows.

A second set of measurements was performed with ap-
lengths. The photoresist layer was approximatelyu®y  ertures constraining both the illumination and detection pat-
thick, and the edge “sharpness” was better thapr. Its  terns, i.e., a confocal optical arrangement. Although the mi-
absorbance spectrum, shown in Fig. 2, displays vibrationaroscope system can perform transmission measurements in
features spanning the spectral range from 3 tqut?wave-  confocal mode(using both upper and lower apertures, or
lengths(~3300 down to 830 ci). The substrate was either double aperturing it was convenient to use the microscope
BaF, (appropriate for transmission measuremgntsa gold  in reflectance mode where the same objective and aperture
mirror (for reflectancg are used for illuminating the specimen and collecting the

The first type of resolution test was performed usingreflected light for detection. Reflectance measurements were
only the instrument's “upper” field stop aperture to con- made using an identicéo the transmission casphotoresist
strainl (see Fig. 1 For simplicity, the spatial sensitivity was step edge deposited on a gold substrate. Absorbance profiles
investigated only along one direction by setting the uppefyere extracted and deconvolved in the same manner as for
field stop to a slit 32um wide and about 1 mm long. When the transmission measurement. The resulting resolution
used with the 3% objective, the resulting effective aperture widths for the six different absorption features are shown in
width is 1 um at the specimen location, which is smaller Fig. 4 (symbolg, plotted versus their respective wavelength.
than the shortest wavelength of interest by a factor of 3. Th@esults for both the single and confocal optical arrangements
actual illumination pattern is more or less independent ofare included. Note that the error bars are much larger here
position along the slit and dominated by diffraction trans-than for the single aperture case due to the rather poor signal
verse to the slit. The resolution tests were conducted for thlﬁ) noise, a consequence of the infrared ||ght having passed
transverse direction. No aperture was used for the detection
optical system. Thus the system was not confocal for this set
of measurement&he confocal case is treated Igter 8 . T ¥ . '

Transmission spectra were collected ajth intervals
along a line, beginning 1xm before the edge and continu-
ing 15 um into the photoresist. From these, absorbance pro- 6l
files for spectral bands at various wavelengths were ex-
tracted. Selected profiles for absorbance features at 3, 6, and
8 um wavelengths are shown in Fig. 3. Although the photo-
resist edge is sharp, the profiles are broadened in all cases,
with the degree of broadening increasing with wavelength as )
expected from diffraction. Similar results have been reported .l L7 % ]
by Ocolaet al® As noted above, the measured profile is a §<} ’
convolution of the illumination functiod with the actual
edge profile. Assuming the edge is perfectly abrupt, one can
deconvolve the data to produce the pattern of illumination % 2 4 6 8 10 12
transverse to the narrow slit aperture, in this cgsg@. The Wavelength [um)]
illumination pattern that results for=6 wm is shown in the _ _ _
inset of Fig. 3(symbo|5). A convenient method for extracting FI_G. 4. FWHM. for the_ reso_lved photoresist edge.pro_flle_. Qlosed circles:

. . . o Single aperture; open circles: ddabnfoca) apertures; solid line: calculated
the width of the pattern’s central maximum is to fit it with & psg width for one apertures; dashed line: calculated PSF for confocal aper-
Gaussian function. Such a fit is also shown in the inset.  tures.

Single
aperture

(o}

Confocal
s apertures

FWHM [pm]
N
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twice through the aperturévhich has a dimension much Full aperture
smaller than the wavelengths of intepest (Airy pattern)

D. Model calculations

In addition to measuring the microscope’s spatial resolv-
ing power, the point spread functigRSH for the illumina- f
tion objective was calculated using ZEMAX optical design/ 4‘
analysis software running on a personal computer. Note that —_
the PSF and diffraction pattern are equivalent when aberra-
tions are negligible. As a consequence of the objective’s sec- 10 N
ondary mirror obscuration, the PSF involves a linear combi- I ¢
nation of two Bessel functions. The effect of this
combination is to narrow the centr@ero-ordey peak while
enhancing the magnitude of the first- and other higher-order
diffraction maxima. Since the calculation was performed for
just the illumination objective, this PSF gives the expected
sensitivity patternl for a single aperture measurement. The ——Single
PSF is shown in the inset of Fig. 3 far=6 um, along with 02k - - - Confocal ]
the measured result fdrand a Gaussian fit. Although the L ]
calculation considers only a point sourgghereas the mea- oozt . . .
surement determined the diffraction pattern transverse to a 0 2 4 6 8 10
line source, agreement is very good, including the location Distance from Center [um]
and magnitude of the first-order diffraction maxima. Thus
the illumination pattern is well described by the PSF under FIG. 5. Top: The point spread functiduliffraction pattern for an optic
diffraction-limited conditions, as expected. The PSE was aIS(})havmg a full circular aperturéndicated t_)y the gray area in the inset, upper

ight). A wavelength of 6um and an optical NA of 0.6 were assumed. This
fit with a Gaussiartfor consistencyand the full width at half  is the familiar Airy pattern. Bottom: The encircled sensitivity as a function
maximum (FWH |\/|) for both the measured patterr(closed of radial distance from the center poiaptic axig for a system with full
circles and the diffraction PSK:SOHd line) are plotted Versus cirgular aperture_s._ Note thz_at Fhe confocal arrangeme_nt maintains more than
wavelengthsee Fig. 4 The FWHM of the illumination pat- 90% of the sensitivity to within 3um of the central axis.
tern| is found to be approximatelyN23.

We expect the confocal case to have a sensitivity patter
given by the product of X D. Since the same objective and
aperture were used for bothand D, the sensitivity pattern
will be 12. Squaring the PSF produces a patter80% nar-
rower, yielding a FWHM of~\/2. The results, shown in Fig.
4 (dashed ling are again in reasonable agreement with th

0.8 ’ .

06 [ .

04 , -

Encircled Sensitivity

Hwicroscopy. The confocal arrangement improves the situa-
tion substantially, with 80% of the spatial sensitivity con-
tained within the primary, zero-order peak. Thus the confo-
cal system should allow better isolation of small regions
(with much less contamination from neighboring regions
and improved contrast in scanned or imaging measurements.
experiment(open circles when one takes into account theeTh'.S Is perhaps the mqst mportant be;neflt of the confocal
optical arrangement. Since infrared microspectrometers us-

large error bars for the experimental data. ) detect i focal hould
The confocal optical arrangement provides another jmNJ array deteclors or cameras are not coniocal, one shou
ot expect them to achieve the same level of diffraction-

portant benefit over a single optic system. Figures 5 and @ .

show a two-dimensional view of the PSF for a conventional'm'ted performance.
optic with a circular aperturéFig. 5 and a Schwarzschild
optic having a circular obscuration centered in the apertur
(Fig. 6). For the latter, the radius of the obscuration was  Finally, a crossover from a diffractiofwavelength lim-

taken to be one half the overall aperture, thus allowing 75%ted resolution to a geometrically controlled resolution must
of the incident light to pas$a reasonable valjleThe in-  occur as the aperture width is increased. This crossover can
creased intensity in the higher-order diffraction maxima isbe predicted by convolving the PSéiffraction pattern with
evident, and represents a substantial fraction of the overathe geometrical aperture shape. Such a calculation was per-
intensity. This can be better illustrated by calculating theformed forA =8 um and geometric aperture dimensions up
weighted sensitivity enclosed within circular regions, cen-to 12 um, with the FWHM determined for each aperture
tered on the optical axis, as a function of the circle’s radiussetting. In the same manner as for the resolution patterns
[see Figs. &) and @b)]. The standard optic yields an Airy described above, the FWHM for various actual aperture
pattern with about 85% of the total sensitivity containedwidths was extracted from absorbance measurements across
within the zero-order peak, whereas the Schwarzschild difthe photoresist edge. Both the calculatedshed ling and
fraction pattern has only-50% of the total sensitivity near measuredclosed circles widths are shown in Fig. 7. The

the center. With half the sensitivity contained outside thecalculated width begins to curve upwar@sith increasing
central peak, the Schwarzschild objective is subject to seriaperture width almost immediately, whereas the measured
ous degradation of image contrast when used for scanningidth remains near the diffraction-limited minimum until the

g. Dependence on aperture dimensions
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width. Thus, decreasing the aperture size to belownd
yields no gain in spatial resolution when profiling an absor-

FIG. 6. Top: The point spread functiddiffraction pattern for an opticwith  bance feature near 1250 cfn Since the signal to noise falls
a secondary mirrofcentra) obscuration. The aperture is indicated by the rapidly as the apertures are closed further, a size essentially

gray area in the inset, upper right. A wavelength qfré and an optical NA : : :
of 0.6 were assumed. Note the enhanced size of the first-and higher-ordeerquaI to the wavelength of interest is probably optimal. Thus,

diffraction “rings.” Bottom: The encircled sensitivity as a function of radial th€ signal to noise for the sensitivity pattern tests of Fig. 4
distance from the center poirioptic axi§ for a Schwarzschild objective. could be dramatically improved at longer wavelengths by

Note that the conventional arrangemesingle objective has only 50% of  gpening the apertures, while still attaining diffraction-limited

the sensitivity within the central diffraction maximum, and reaches 80% . - . . .
only at a 10um radial distance. The confocal arrangement manages toDerformance' Additional improvements in spatial resolution

narrow the central maxima and also achieves 90% sensitivity withipm4 ~ May be achieved by oversampling and deconvolving the in-
radius. strument’s PSF. Other approaches include increasing the NA

with high refractive index materials, or near-field meth&ls.

aperture is nearly equal to the wavelength. This discrepancy

may pe explained as a consequence .of how_ellectromagnelii_c_ Substrate dispersion

radiation propagates through the field-defining aperture,

which behaves as a short |ength of Wa\/egl%d_mt” the The diffraction-limited performance demonstrated in
aperture is wide enough to support more than the fundameriec. Il E is attained only when the optical system’s aberra-

tal mode(i_e_, width ;)\), the ||ght appears to emanate from tions are SUfﬁCiently small. The minOSCOpe,S basic Optical
system clearly reaches this goal. However, a specimen to be

studied may require a supporting substrate, or might be con-

_ ‘14> ' o ' ' ] tained between two infrared windows. The substrate be-
E. 2} =g A comes part of the optical system when the infrared light
= I =oum , passes through it, and any aberrations introduced must be
T 10} R addressed. Adjusting the spacing of the two mirror elements
E - ° for the relevant Schwarszchild objective adequately elimi-
£ 8r 7 T nates the spherical aberration that results, and the microscope
% I P g / manufacturer provides for this adjustment. But chromatic ab-
a 6 -7 /' i erration cannot be readily corrected, and is compounded by
5 4'_ ¢-90—o ] the large spectral range that is desired for most analytical
% I measurements.

& oL i Chromatic aberration is due to the dispersive properties
o - of materials and gives rise to focus shifts between wave-

0O : é : "t é é 1'0 T lengths. An illustration of this effect is shown in Fig. 8 where

Aperture width [pum]

FIG. 7. FWHM (resolution width as a function of aperture width for a

single aperture and=8 um.

polychromatic light is incident on a substrate of thickndss
Whereas one wavelength comes to a focus at the back sur-
face, anotheftypically longe) wavelength comes to a focus
within the substratébefore reaching the back surfac©f
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FIG. 10. Lines: Calculated focus shift for several common IR substrate
materials(all 2 mm thick, including Bak. Closed circles: Measured focus
course any particular wavelength can be brought into propeshift for Bak.
focus by shifting the substrate, but at the expense of others.
sub:-;rtrr]aeteefﬁae Cztnfrintrzikreszuifz?éwef%iggfcrggne?g I;puesfdwhere _d is_ the substrate thickness(\) i_s the materie_ll’s
tures (both upper and lowgrwere set to about &Em refractlve index at wavelength, and ng is the refrapt!ve
X5 um and a background spectrum was collected with ndndex at some reference wavelength our case, a V.'S'ble
substrate. Next, the Balsubstrate was placed at the speci—\’\"”“/e'en.gth such as 570 pnThe caIcuIate%}fS:cus shifts .for
men location of thér us microspectrometer and both upper 2 mm thick Bak; and other common materiafsare shown in

and lower objectives set for proper visual focus on the samg'g' 10. Also shown is the experimentally determined focus

substrate surface. Naturally, one of the objectives must b hift versutsbthte peal:htransl,mlls st!on fre(?uency for thetZBaF
focused through the substrate, making it sensitive to the su ~greement between the caiculation and measurement IS very

strate’s dispersion. For convenience of measurement, the u ood, although less so toward longer wavelengths. This is

per (illuminating) objective was focused through to the far robablytha conseqlietnce Of. the %a?bsorgtlon, WZ'Ch
surface of the Bafsubstrate. Shifting the focus position for causes the apparent fransmission 1o turn downwards more
this objective(by an amount defined sy brings various quickly than from focus errors alone. Thus, the position for

wavelengths into proper focus on the far surface of the subc-).ptmal focus for an absorpmg sgb;trate may not .be pre-
strate. The spectral signal through the Bafas measured cisely where the throughput is maximized. The magnitude of

and normalized to the background sigriaé., no substrate the focus shift is particularly noteworthy, becoming more

present to yield the apparent transmission. Measurementéhan 20 Slmesdth(i.lnte'znded t!"lljmmalt'?.n size, leading to a
for variousf g, values ranging from 0 to 16@m were ac- comf\ara ebre uction |2_spi1(;aﬂ:eso ubl(lm . t limited t
quired at 10um increments. The zero position was defined S can be seen in Fig. 19, the problem 1S not imited 1o

as the position at which the substrate surface was visuall?}‘an' While KBr has less dispersion at long wavelengths,

focused. The apparent transmission for every other positio ere 1s Tor.e ((jjlsfperm.o.nblm the V;S'blfh The result If t?at a
(i.e., at 20um intervalg is shown in Fig. 9. Note that for ocus optimized for visible wavelengths is 2m out o

fsni=0, the infrared throughput is reduced across the entiréocuéisgéofﬁetfﬁazzti'{j d;mg;“t?ﬁe focus error scales linearly
IR spectral range, and falls rapidly for wavelengths0 um. . .
P 9 pictly Tor wav g K th thickness, the problem can be reduced by the use of

This reduction far exceeds absorption or reflectance losses }%{inn ¢ substrat This m ventually lead to problem
the air/Bak interfaces. A 2Qum focus adjustment increases er substrates. S Mmay eventually fead lo problems

the throughput at all mid-IR wavelengths, with 2200 ¢m from interference fringes due to multiple internal reflections
being optimal. Additional shifting of the focus improves the within the substrate. Another approach that partially avoids

throughput for longer wavelengths, but at the expense oE‘he problem is to place the specimen on top of the substrate

shorter ones. The signal maximufpeak throughputindi- and use only the upper illumination aperture to achieve the

cates the frequency that is properly focused when substra?eesérebd ]f‘pat'?r: resoéutgo;. The”beam (fonvstahrges at thte st:;mple
absorption is negligible. and before the substrajeso all wavelengths come to the

The amount of shift needed to bring a particular waye-Same focus. The collecting objective is then set for an inter-

length into focus can be calculated using Snell's law. The;_n:dlagﬁ fOClljls stiert]tlng, t?nd |trs cror:#]ugra}:]e arp])eii'i[\ljretls fleft opern.
resulting approximate expression is us Ine coflecting optics are rather Insensitive 1o focus er-

rors. Of course one loses the benefits of a confocal optical
system, resulting in poorer resolution and image contrast. In
f apir~ i( 1— M) (1 an imaging IR microspectromet@vith a focal plane array

No No detector or cameja each detector pixel serves as a field-
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defining aperture. Spatial resolution is therefore achieveaf the manuscript. The photoresist patterns used for the reso-

only through the detection systetne., it is not confocal lution tests were supplied by Spectra-Tech. This work was
The sample side of the substrate should be oriented facingupported by the U.S. Department of Energy through Con-
the detector for these systems. tract No. DE-AC02-98-CH10886 at the NSLS. The U10B

There are cases where this problem cannot be avoidetieamline andr xs™ microspectrometer are operated by the
for example, samples sandwiched between two substrates BSLS and the Northrop Grumman Corporation. The NSLS
in a liquid or compression cell, or when the instrument mustoperates as a User Facility, open to all qualified researchers.
be operated in a true confocal mode. In order to achievénformation can be found at http://www.nsls.bnl.gov and
optimal spatial resolution, the measurement must be repeatéttp://infrared.nsls.bnl.gov.
for each wavelength range of interest, adjusting the instru-
ment’s focus to match the spectral range. The focus error thatg Barer, A. R. H. Cole, and H. W. Thompson, Nattrendor) 163 198
can be tolerated depends on the measurement, but should baoag.
smaller than the wavelength if diffraction-limited perfor- EW- D. Duncan and G. P. Williams, Appl. Op22, 2914(1983.
mance is to be attained. For Bafhis becomes increasingly g{mlgntcoag'zglsgg(?ggéo J. Hirschmugl, and G. P. Wiliams, Nuovo
problematic for longer wavelengths, and it may be impos-4J. A. Reffner: P. Martogiio, and G. P. Williams, Rev. Sci. Instrf,
sible to have even a single absorption band entirely in focus. 1246(1995; G. L. Carr, J. A. Reffner, and G. P. Williamihid. 66, 1490
As an example, the relative focus shift across a 200'cm _(1995.

; = _ ; 5G. L. Carr, O. Merlo, M. Munsli, S. Springer, and S. C. Ho, Proc. SPIE
wide band near 1000 cm (A =10m) is more than 2Qum, 3775 22 (1999,

exceeding the wavelength by a factor of 2. 6. E. Ocala, F. Cerrina, and T. May, Appl. Phys. L&, 847 (1997.
“Ir us™ scanning infrared microspectrometer, Spectra-Tech Inc., Shelton,
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